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ABSTRACT 
 
Measurements were performed using a novel thermal mass flow meter. The 
dynamic behaviour of the total elutriation rate was monitored from start-up until a 
steady rate was achieved. It was found that the elutriation rate at unsteady 
conditions can be as much as 5 times that of the steady value and that it can take 
more than an hour to reach steady state. This is attributed to the dynamic changes 
of the fines distribution between the fluidized bed and dipleg.  It was further shown 
that a steady dipleg height does not indicate steady elutriation rates. Using the flow 
meter to confirm steady state measurements, elutriation constants were determined 
for the glass bead - air system at different superficial velocities. 
 
INTRODUCTION 
 
Solid elutriation is a process which occurs in most gas-solid fluidized beds, where 
the ejected fines are transported out of the fluidized bed. Understanding of this 
process is important for the design and operation of the solids separation and 
recycling system. A vast number of correlations are available in literature, to predict 
the elutriation rate from a fluidized bed. The rates predicted by these correlations 
differ in orders of magnitude (1) and as a rule of thumb, it’s advisable to use a 
correlation developed on a system similar to the one a prediction is required for (2, 
3).  
One possible explanation for these differences is the different measurement 
methods employed. Elutriation rates are usually measured experimentally in one of 
two ways. Firstly in a batch system (4, 1, 5), where the fines are permanently 
removed from the bed. These measurements are typically made of very short 
periods of time, Secondly elutriation rates are measured in a semi-continuous 
system (2, 6, 7, 8), where fines are temporarily removed from the recycle loop (after 
the cyclone). Semi-continuous systems are normally allowed to reach steady state 
(in continuous mode) before the measurement is made. Steady state is assumed 
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when a certain variable reaches a constant value, typically the head of the solids in 
the dipleg (9). Both types of measurements have inherent problems. In a batch 
system the size composition of the bed changes during the measurement and 
therefore the sample time should be as short as possible. In a semi-continuous 
system, the steady state criterion might be inaccurate, implying that the elutriation 
rate has not achieved steady state.  
Other methods of measuring elutriation include the use of electrostatic impact 
probes (10, 11), optical probes (12, 13) and mass flux probes (14, 15). However, all 
of these methods are used to make local measurements where the variation in the 
reading, caused by clusters and concentration profiles, makes total flow rate 
estimation impossible. 
The accepted method for modelling elutriation is to assume that the removal of a 
specific particle size fraction is proportional to the concentration of that size fraction 
in the fluidized bed (16). The proportionality constant used in this relationship is 
referred to as the elutriation rate constant, K*i∞. To measure this constant the overall 
elutriation rate, the particle size distribution (PSD) in the bed as well as the PSD in 
the return leg should be stable.   
To overcome these concerns and to improve accuracy it was decided to develop a 
method by which elutriation can be measured online. A thermal solid mass flow 
meter was developed for this purpose in order to continuously monitor the total flow 
of fines in the circulating system. 
 
EXPERIMENTAL 
 
All elutriation measurements were done in a 5.5 m high Plexiglas column with an 
inside diameter of 140 mm and a dipleg inside diameter of 40 mm. A cyclone was 
used to separate the solids from the effluent gas. For more details on the 
experimental setup see De Vos et al., (17). 
A novel solid flow meter was developed to measure total elutriation rates. The flow 
meter was installed below the cyclone exit. To measure the solids flow the principle 
of a thermal mass flow meter is used, where the heat transfer from a heated 
element in the solid flow path is used to estimate the flow rate. The device consists 
out of a copper heat transfer plate (see Figure 1) and two separate circuits. The first 
circuit operates at a constant heating rate while the thermistor on the second circuit 
reacts to temperature changes on the heating plate. Both circuits are thermally (and 
not electrically) connected to the heating plate. Heat transfer from the heating plate 
occurs mainly via conduction to the flowing solids and to a lesser extend through 
convection from the up flowing gas stream in the dipleg. The latter contribution was 
kept constant by controlling the dipleg gas flow rate at the same value for all 
experiments. 
The total solid flow from the cyclone exit was channelled onto the heating plate via a 
2-cone system. The optimum cone positioning and openings (louvers) were 
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determined by testing numerous prototypes with the objective of reducing turbulence 
and swirl around the heated plate as well as preventing significant solid build-up in 
the cones. The entire section of the dipleg between the cyclone and the flow meter 
was wrapped in a grounded copper wire to reduce solid sticking caused by static 
electricity effects. In addition a rotating impact device was used to periodically tap 
the dipleg to reduce solid build-up in the cones and on the heated plate. 
 
Figure 1: Schematic of the mass flow meter  
The gas-solid system used in this investigation consisted of air and non porous 
glass beads (see Table 1 for properties). Air at 100 kPaa, 25 °C and a relative 
humidity of 27% was used.  
Table 1: Properties of solids used in this study 
Property Value
Solid density 2600 kg/m3
Mean particle diameter 138 µm
Particle sphericity ≈ 1  
 
RESULTS AND DISCUSSION 
 
Calibration of Solid Flow Meter 
 
The calibration was performed by collecting elutriated solids from the solid flow 
meter exit for a specific period of time. This was done by closing the ball valve in the 
dipleg while opening a gas-bypass valve to ensure a constant upward flow of gas 
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through the flow meter. The total mass of solids collected was compared to the 
integrated voltage reading over the thermistor for the specific period. The voltage 
reading can be used to quantify resistance changes of the thermistor due to 
negligible changes in current over the measurement range. Sample times varied 
between 1 and 4 minutes, while 30 minutes of operation was allowed before 
sampling. The calibration curve can be seen in Figure 2.   
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Figure 2: Calibration curve for the solid flow meter. Different marker shapes 
represent calibrations done on different days and the solid line represents the best 
fit for all the data. 
 
The calibration curve shows a distinct relationship between the solids mass flow rate 
and the recorded voltage from the measuring element.  It is interesting to note that 
repeatable elutriation rates do not necessarily correspond to the same gas 
superficial velocity. This suggests that the fines content in the bed was not the same 
for experimental runs with the same gas superficial velocity. From the shape of the 
calibration curve it appears that the sensitivity of the flow meter would be too low for 
high elutriation rates, however, it is possible to adjust the temperature of the 
measuring element and by doing so moving the more linear region of the curve into 
the desired window of elutriation rates. 
 
Elutriation rate dynamics 
 
Elutriation measurements in a continuously operated fluidized bed are typically 
made when steady state is assumed. One criterion used to determine steady state 
is the stabilisation of the height of solids in the dipleg (9). An example of two 
dynamic elutriation rate responses, measured by the solid flow meter, is given in 
Figure 3. 
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Figure 3: The change in elutriation rate over time during the start-up of a gas-solid 
fluidized bed with a) dipleg clearout before start-up b) restarting from a settled dipleg. 
Dashed lines indicate the time where the dipleg level reached a constant value. Both 
measurements were done at a superficial velocity of 0.33 m/s. 
From the results it is evident that the elutriation rate takes a much longer time to 
reach steady state than expected. The preferential elutriation of fines results in a 
gradual increase in the fines concentration of the dipleg compared to that of the 
fluidized bed.  Steady state is therefore only reached when the PSD in the bed as 
well as in the dipleg remains constant. The system can be visualised as two 
interconnected CSTR’s where at steady state the fines flow from the dipleg to bed is 
the same as the elutriation rate. The fines stabilisation time in Figure 3(a), where the 
solids in the dipleg was emptied into the bed before start-up, was much longer than 
in Figure 3(b).  In this case the liquid like behaviour of fluidized solids imply that the 
dipleg solids content directly after start up is the same as that of the fluidised bed.  
Subsequently a much longer time period is required for the separation process to 
stabilise in terms of the respective PSD’s.  It is interesting to note that the dipleg 
stabilised in height long before the elutriation rate.  Furthermore, the maximum 
elutriation rate during the initial non-steady state period was 5 times that of the 
steady state value. In Figure 3(b) a similar trend is observed, but the effect is less 
pronounced. Here some of the dipleg content from a prior run was still present in the 
dipleg upon start-up.  This implies that the dipleg already had a relatively high fines 
concentration at the beginning of the run, which resulted in a shorter stabilisation 
time.  Analysis of the bed PSD for separate runs at steady state confirmed that 
similar size concentrations are obtained (see Figure 4). 
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Figure 4: The particle size distribution of the fluidized bed contents during two 
different sets of experiments referred to as Run 1 and Run 2. Measurements were 
done at a) 0.23 m/s and b) 0.54 m/s and all measurements were taken after 1.5 
hours of continuous operation. 
After ensuring that the fluidized bed was at steady state in terms of fines distribution 
between the bed and the dipleg, total elutriation rates were measured at different 
superficial velocities. Elutriation constants were subsequently determined for the 
different particle sizes, by using the steady state PSD’s of both the dipleg and the 
bed.  The results can be seen in Figure 5. 
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Figure 5: Elutriation rate constants for glass beads in air as determined for different 
particle sizes at different superficial velocities. 
 
CONCLUSIONS 
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 A novel solid mass flow meter has been developed in order to quantify elutriation 
from a bubbling fluidized bed dynamically. Measurements from the device indicated 
that it can take longer than an hour to reach steady elutriation rates and that rates of 
up to 5 times that of the steady state value is achieved during the dynamic response. 
It is further evident that a steady level in the dipleg is not related to a steady 
elutriation rate. 
The major variation in elutriation rates as a function of time can be attributed to the 
dynamics of the fines content in the fluidized bed. The stabilisation of the fines 
concentration in the bed as well as the dipleg depends on the specific start-up 
procedure. 
Based on decent steady state quantification, accurate elutriation constants could be 
determined for the glass bead-air system.   
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